Creep rupture stress ␦ phase Larson-Miller parameter a b s t r a c t GH4169 alloy is a nickel-based superalloy extensively used in the aircraft engine industry because of its excellent mechanical properties and good fabrication ability. The mechanical properties of the GH4169 at high temperature, rupture stress under severe condition deserves a close attention. In this paper, the creep rupture of the GH4169 alloy under constant load and different temperatures from 550
Introduction
GH4169 alloy is a precipitation hardened, nickel-based superalloy that is extensively used in the aircraft engine industry.
Rotor components, such as compressor disks, spools as well as turbine disks, compressor blades and power drive-shafts are typically fabricated from this alloy. The GH4169 alloy could provide operational conditions up to a maximum useful service temperature of about 650 • C to meet the requirements of the rotor components. For instance, a high tensile strength, fracture toughness, oxidation resistance and excellent stress rupture resistance are attained [1] [2] [3] [4] [5] [6] . Especially, the stress rupture should be primarily considered in the design of rotor components operating at elevated temperature. Stress rupture generally involves the time dependent deformation and fracture of materials, and it is accelerated by an increase in stress or temperature. The creep stress rupture is associated with the slow deformation of a material under constant stress that leads to a permanent change in shape of components. This type of fracture is mainly characterized by the nucleation, growth and coalescence of microscopic internal cavities [7] . Up to now, the stress rupture characteristics of GH4169 alloy have been studied on conditions within maximum service temperature. Although the accelerated stress rupture behavior of GH4169 alloy is one of major considerations in aerospace structures applications, the studies related to accelerated stress rupture at a very high temperature environment have not been deeply explored. In this study, the creep rupture under constant load and different temperatures from 550 • C to 700 • C conditions behavior of GH4169 alloy is investigated. The stress rupture life is finally evaluated by using the Larson-Miller parameter (LMP). In the deformation process of stress rupture, examples of crack initiation and propagation as well as coarsen of strengthening phase were carefully investigated. [8] , and the stress rupture tests are controlled by using constant loading conditions based on ASTM E139 standard [9] . The stress rupture tests were performed using an ATS (Applied Test Systems Inc.) Series 2330 lever arm creep tester. According to the dimensions of ASTM E 8M-94a standard [10] , rod specimens with gage length 25.4 mm were machined to the diameter of 6.35 mm. Strain rate range is 2 × 10 −5 -10 −3 . Stress rupture tests were performed at 550, 600, 650, 680 and 700 • C. Stress levels were selected from 30% to 90% of the yield strength. Metallographic samples were prepared using standard mechanical polishing procedures and are electrolytically etched in the mixture of 150 ml H 3 PO 4 + 10 ml H 2 SO 4 + 15 g chrome anhydride. The study of microstructure characteristics is conducted by using optical microscopy (OM) and scanning electron microscopy (SEM). JSM-6480LV type scanning electron microscopy (SEM) is used to observe the morphology and distribution of phases in the alloy. Substructure characteristics, involving ␥ ′′ morphology and size, are analyzed by field emission scanning electron microscopy (FESEM). ZEISS SUPRA 55 type field emission scanning electron microscopy is used to observe the morphology and distribution of all precipitates.
For preparing specimens of transmission electron microscopy, samples are first mechanically processed to a thickness of about 100 m. Discs are subsequently punched from these ground samples and these discs are thinned by the dual jet electropolishing technique, which is carried out at about 20 volts. The electrolyte contained 70% butanol, 20% ethanol and 10% perchloric acid. JEOL JEM-2010 high resolution transmission electron microscopy (TEM) and selected area electronic diffraction (SAED) are used to identify and confirm the phases.
3.
Results and discussions GH4169 is a precipitation-strengthened nickel-iron-base superalloy. The precipitation within the fcc ␥-matrix of the coherent, disk-shaped, bct (DO 22 type superlattice) ordered ␥ ′′ precipitate (Ni 3 Nb) having an average diameter and thickness of about 30 and 10 nm, respectively, is responsible for the contributions of coherency strain hardening and order strengthening [11, 12] . The incoherent equilibrium orthorhombic (Ni 3 Nb) ␦-phase precipitate is stable up to about 1010 • C, above this temperature ␦-phase will be dissolved. ␦-Phase plays an important role during deformation processing for improved stress rupture resistance. During aging, the precipitation of a coherent, quasi-spherical, fcc (Ni 3 (Al,Ti)) L1 2 ␥ ′ precipitation also occurs and has an average particle diameter between 10 and 40 nm [11] . The contribution of ␥ ′ to the strength of GH4169 is considered to be minimal. Primarily because the precipitate possesses a low anti phase boundary energy (APB ␥ ′′ ≈ 25APB ␥ ′ ) [13] . Previous studies found that the precipitation of ␥ ′′ was favored by the increased Nb/(Ti + Al) atomic concentration ratio [9] , and because the volume of ␥ ′′ and ␥ ′ contained within the matrix were about 0.13 and 0.04, respectively [14] . At long time of service above 650 • C, ␥ ′′ precipitates could transform to ␦ phase [15, 16] . The microstructure of GH4169 alloy after solutionannealed at 960 • C and two-step aging treatment is shown in Fig. 1 . Grain size of the alloy is in the range of 5-20 m and the average grain size is about 10 m. The method of determining the grain size followed the ASTM E112-96 [17] . OM micrograph of the alloy indicates that carbides precipitate in matrix and at grain boundaries. The precipitates at grain boundary are ␦ phase. Fig. 2 shows the dependence of stress rupture life on the stress of GH4169 alloy. As it can be seen in this figure, the stress rupture life decreases with increasing temperature and stress.
It can be found from Fig. 2 , that the Larson-Miller parameter can be used to predict the stress rupture life. An empirical formula of stress rupture life of GH4169 alloy is obtained by computer simulation, which can be formulated: LMP = (T + 273)(log t + C) × 10 −3 , where T is the test temperature, t is the stress rupture life, C is a constant. Fig. 3 shows the correlation of Larson-Miller parameter (LMP) for GH4169 alloy. The data in Fig. 3 is comparable to the data given in the specification. The stress rupture life of GH4169 alloy can be easily predicted by using this result.
SEM fractographs of stress rupture specimens for 700 during the following standard double aging process. The formation of ␦ phase leads to the formation of a ␥ ′′ phase depleted zone [4] . Fig. 6 shows the ␥ ′′ phase depleted zone around the ␦ phase. It can be seen that the ␥ ′′ phase depleted zone with relative high plasticity, can act as a micro-plastic zone during high temperature service. With the precipitation of a certain amount of ␦ phase at the grain boundary, the high stress concentration state can be partly relaxed by the micro-plasticzone. At 700 • C, which is above the equal strength temperature of 630 • C for the GH4169 alloy [18] , the grain boundary became a weak position during the stress rupture test. Because of the existence of the ␥ ′′ phase depleted zone, plastic deformation occurs in the grain boundary. With further increasing of stress concentration, micro-crack initiate from the incoherent interface between ␦ phase and grain boundary. At 550 • C, which is below the equal strength temperature, the grain is stronger inside than in its boundaries. Under both high temperature and stress conditions, grain can be deformed by slip and twinning. Because the deformation direction of the adjacent grain is inconsistent, the grain boundaries with greater stress concentration become the weakest part during the stress rupture failure. It can be seen from the SEM photographs (Fig. 7) , rodlike or granular ␦ phase from grain boundary separate, and form holes. Fig. 7(a and c) indicates that fracture remains inter-granular and crack initiates mainly at ␦ phase particles, then subsequent coalescence occurs with surrounding cracks. Therefore, stress rupture damages of GH4169 alloy start from the incoherent interface between ␦ phase and grain boundary, and finally link together to produce inter-granular fracture. Grain boundary is always responsible for the damage initiation.
The impact of the ␦ phase, precipitated along the grain boundary, on the stress rupture properties of GH4169 alloy, has not been detailed reported in the literatures. The stress rupture life and stress rupture elongation of specimen without ␦ phase were found, respectively, as the double and four to five times of those specimen having ␦ phase [19] . Twining is always recognized as one of the plastic deformation mechanisms of GH4169 alloy. Since the homologous temperature of stress rupture test is intermediate (T/T m ≈ 0.6), dislocation mechanics are activated within grains. Besides the above-mentioned twining and dislocation mechanisms, grain boundary sliding is also activated during stress rupture test. As a consequence, the stress rupture elongation to failure of specimens without ␦ phase is four-five times of specimens with ␦ phase. Owing to the ␦ phase precipitation along grain boundaries, grain boundary sliding is not really activated during stress rupture test. Because of the incoherent interface between the ␦ phase and grain boundary, fractographs show inter-granular fracture pattern of specimens with ␦ phase. Therefore, in the process of stress rupture deformation, ␦ phase acts as a barrier to grain boundary sliding and can reduce the strain rate of stress rupture. In the early initiation of stress rupture crack, ␦ phase act as crack nucleation, and in the process of stress rupture crack growth, ␦ phase impedes the dislocation movement and grain boundary sliding and reduces creep rate.
As shown in Fig. 7(b and d) , the microstructure corresponding to the deformed gauge portion of the ruptured specimen confirms the presence of mechanical twins. The representative TEM microstructures are shown in Fig. 9(a) indicates the presence of ordered phase. The TEM photograph shows slip bands at two different orientations, as shown in Fig. 9(b) . Fig. 9(c) , the interaction of dislocations and precipitates. This evidence supports the fact that stress aging restricts cross slip and induces inhomogeneous deformation in the form of slip lines. Because the stacking fault energy of this alloy is low, it prevents cross slip of dislocations. Fig. 9(b) shows intense planar slip with high density of dislocation within slip bands. This reveals that deformation is highly inhomogeneous and mainly confined within slip bands.
Under the long-term (2920 h) stress aging conditions at temperature of 550 • C and the stress of 1050 MPa, the microstructure of GH4169 alloy is not obviously changed. As shown in Fig. 10 , the rod-like phase at grain boundary is still the ␦ phase, and the size of the ␥ ′′ precipitates in the grain is 20 nm. This indicates that the precipitate is not coarsened. According to a former result [20] , under 1000 h of stress-free aging at 680 • C, the size of ␥ ′′ precipitates was approximately found as 100 nm, which corresponds to a coarsened condition. The coarsening of ␥ ′′ phase follows the time-law predictions of Lifshitz-Slyozov-Wagner (LSW) theory with a volume diffusion-controlled growth. The activation energy for the coarsening of ␥ ′′ precipitates was found to be equal to 272 kJ/mol [3] , and this value is close to the activation energy for the diffusion of niobium in nickel, which is 257 KJ/mol. This strongly suggests that the ␥ ′′ precipitates coarsening process is controlled by volume diffusion of niobium in the matrix. With increasing of thermal exposure time, the volume fraction of precipitates decreases and the mean distance of precipitates increases. Based on these changes, the obstacle effect of precipitates on the slip of dislocations is reduced. Therefore, under both high temperature and stress conditions, the increasing of temperature and stress accelerates the coarsening of ␥ ′′ precipitates and this reduces the stress rupture life of GH4169 alloy.
Conclusions
(1) The Larson-Miller parameter was used to predict the stress rupture life of GH4169 alloy: LMP = (T + 273)(log t + C) × 10 −3 , C = 25. (2) Stress rupture damages of GH4169 alloy start from the incoherent interface between ␦ phase and grain boundary, and finally link together to produce inter-granular fracture. In the deformation process associated with the rupture under constant stress creep; ␦ phase acts as a barrier to dislocation movement and grain boundary sliding. This can reduce the strain rate during rupture. Therefore, by properly reducing the content of ␦ phase in grain boundary can effectively increase the crack initiation time and extend the high temperature stress rupture life. (3) In the deformation process of stress rupture, the ␥ ′′ precipitates coarsening is controlled by volume diffusion of niobium in the matrix. The increasing of temperature and stress accelerates the coarsening of ␥ ′′ precipitates under high temperature and high stress conditions. This leads to the decrease of the stress rupture life of GH4169 alloy.
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